Bond behavior between reinforcing bars and concrete is a key problem to understand behavior of reinforced concrete members. The introduction of the new reinforcing system made of fiber reinforced polymer (FRP) to construction industry forced the study of FRP-to-concrete bond behavior as one of the main mechanical properties. The application of FRP reinforcement in concrete structures increased rapidly in last years. Their excellent corrosion resistance, high tensile strength, good non-magnetic properties were the reason why they have become an alternative to traditional steel reinforcement, especially in harsh environments on bridges, outside garages and off-shore structures. The GFRP bars are very different from steel, mainly due to much lower elasticity modulus and their anisotropic structure. Good performance of FRP reinforced concrete requires adequate interfacial bond between bars and concrete, mainly due to surface preparation. The authors' own experimental program includes twelve beam bond tests carried out on rectangular beams consisted of two concrete blocks connected by a continuous GFRP bar in tension and by a steel hinge in compression. Two main parameters were investigated in the tests: bar diameter and thickness of a bottom concrete cover. The GFRP bars indicated good bond behavior to concrete, mainly due to the ribs on the bar surface. The results of the test indicated the decrease in the ultimate shear bond stress with the increase in the bar diameter regardless of the thickness of the concrete cover. The decrease in the concrete cover caused the decrease in the shear bond stress for all bars diameters. The increase in bar diameter caused the decrease in the ultimate bond strength.
Introduction
Fiber reinforced polymer (FRP) reinforcement has been increasingly used as a replacement for traditional steel reinforcement in reinforced concrete (RC) structures for the last decade. FRP reinforcement is currently competitive resistance, good non-magnetic properties, and very good fatigue resistance. The most popular kind of FRP reinforcement is that made of glass fiber reinforced polymer (GFRP), which is cheaper than other FRP bars. The GFRP bars are very different from steel, mainly due to their much lower elasticity modulus and bond to concrete behavior that is highly effected by preparation of the surface.
Good performance of FRP reinforced concrete requires adequate interfacial bond between bars and concrete, due to the tensile stress transfer from concrete matrix to reinforcement. Bond-slip interaction between the FRP bar and surrounding concrete is ensured by the stress propagation which depends on bar's geometry, mechanical interaction, chemical adhesion and frictional forces as well as the compressive strength of concrete. The following parameters have the main effect on the bond behavior of the FRP reinforcement to concrete: the nominal diameter of bars, concrete cover, the type of FRP bar, its surface preparation, bond length, and concrete strength. All these parameters have been analyzed and discussed in the paper.
The review of the existing research on the FRP-to-concrete bond behavior has shown that contrary to conventional steel bars, a GFRP bar has no standardization for surface preparation. Variable surface characteristics based on: a sand-coated, ribbed surface with rope winding, a helically wrapped surface, an indented and wrapped GFRP bar, strongly affect the bond behavior between GFRP and concrete.
There is a lot of research on bond behavior of FRP reinforcement to concrete based mainly on: the direct pull-out test, the beam test, the splice test and the ring pullout test [1] [2] [3] [4] [5] [6] [7] [8] . The setups of direct and ring pullout test do not correspond to the real bond conditions existing in a reinforced concrete element. Hence, only the beam test and splice test can reflect the real evaluation of the reinforcement bond behavior.
There is not many research on the beam bond tests with FRP reinforcement [7, 8, 9] . Selected studies of the bond tests are summarized in Table 1 with corresponding investigated parameters. [2] , [3] , [4] , [5] , [6] Beam test 8,12,16,20 5φ,6φ,10φ,16φ,20φ GFRP 15, 30 [7] , [8] , [9] The best method to determine the bond behavior seems to be the bending method, because it considers the actual operating conditions of a structural element. The investigated parameters considered in the beam bond are presented and compared according to variables in Table 2 . The analysis of the existing studies has become the main contribution to the authors' own research on the beam bond test to investigate the bond behavior of the GFRP bars to the concrete. The GFRP bars indicated good bond behavior in all the analyzed research. In the majority of studies the specimens failed by debonding of the bars from concrete, indicating that the bond length to attain the ultimate tensile strength of the FRP bars is higher than 20φ [7, 9] . Tighiouart B, Benmokrane B [7] Pecce M, Manfredi G [8] The ultimate bond stress of the bar ( u ) can be defined as an average bond shear stress over the embedded length, and can be calculated with the following equation:
where F u is the pull-out force, φ is a nominal bar diameter and L b is the embedded bond length.
A type of the bar surface had the most significant influence on the bond behavior [7] . GFRP bars showed lower shear bond stress than steel bars with the same diameter [8] . The ribs in GFRP bars were superficially sheared off, which confirms that bond behavior strongly depends on the concrete strength of the bar ribs. The increase in a slip loaded end s lp and the bond length L b is more pronounced in the ribbed bars than in the sand coated bars [7] . Moreover, the ribbed bars have a higher bond stiffness and the bond shear stress than the sand-coated bars [8] . An increase in the bar diameter caused a decrease in the shear bond stress and a decrease in the ultimate bar slip.
Experimental program

Test specimens
The aim of the tests was to determine the bond behavior of GFRP bars to concrete on the beam bond setup. A test program contained twelve rectangular concrete beams with a cross section of 150 x 200mm specimens with the length of 800mm (Fig. 1 ). The beams used in the tests consisted of two concrete blocks connected to each other by FRP reinforcement in tension and by a steel hinge in compression. Two main parameters were investigated in the tests: the diameter of GFRP bars (12mm, 16mm, 18mm) and the thickness of the bottom concrete cover (15mm and 35mm). Each type of the beam was duplicated in order to collect double test results. The summary of the tested elements is shown in Table 3 . The thickness of the concrete cover and the bar diameter varied in order to investigate their influence on the GFRP to concrete bond behavior. The embedment length for all specimens was assumed to be 10 times of bar diameters (10φ). In the front part of each block, the bar was unbonded on the length of 50 mm to avoid premature fracture of concrete in the edge zone. The embedment length was only changed in the tested block, while in the opposite the block the full embedment length of 335 mm was tested in all specimens. The steel stirrups of 6mm diameter at a spacing of 100mm were used to avoid the shear failure (see Fig. 1a ). The top reinforcement consisted of two steel bars with 10mm diameter. The beam's nomenclature consists of: bars diameter; bond length in mm (e.g. L120); the concrete cover thickness in mm and the finally is beam's number from two beams with the same configurations. Due to the lack of additional longitudinal reinforcement in the test beam block, concrete cracking occurred at the end of the bond length in two first tested specimens: 12-L120-15.1 and 12-L120-15.2. In order to avoid this cracking in next two beams 18-L180-15.1 and 16-L160-35.1 externally bonded carbon fiber reinforced polymer (CFRP) sheets were applied on the bottom side of the concrete blocks in longitudinal direction (2 layers of 0.13 mm thickness). As this bottom strengthening was still ineffective and did not prevent the concrete from cracking at the end of the bond length, additional lateral strengthening besides the bottom one was applied on the concrete blocks in a longitudinal direction (2 layers of 0.13 mm thickness, see Fig. 1b ). This external strengthening of each concrete block made the fully wrapped horizontal confinement and efficiently improved the bond behavior of the internal GFRP bar in concrete. For the other elements, failure of ribs due to their pulling on the GFRP bars surface appeared, which confirmed the bond loss. It should be noted that the members which failed due to concrete cracking (12-L120-15.1, 12-L120-15.2, 18-L180-15.1 and 16-L160-35.1) will not be further considered in the analysis of test results. 
Material characteristics
The GFRP bars with single braid ribs shown in Figure 2 were tested in tension. The tensile strength obtained in test was 1109 MPa, 1205 MPs and 1281 MPa for the bars of 18mm, 16mm and 12mm diameter, respectively. The average value of the modulus of elasticity was equal of 50.5 GPa. The compressive strength along the fibres declared by the producer was adopted as not lower than 350 MPa. The spacing ribs of bars ranged from 6.8 mm to 8.5 mm for 18mm bar diameter and from 7.5mm to 9.6mm for 12 mm bar diameter, that was no significant impact on the GFRP-to-concrete bond behavior and the final test results. Table 4 .
Test setup and measurements
The test setup consisted of: a steel frame made of plate girders, a hydraulic jack attached to the upper girder, a device supplying the servo-motor and steel hinged supports (Fig. 3 ). The beams were tested in the four point loaded set-up by the displacement control system with the hydraulic jack of 200kN capacity shown in Fig. 3 . The load was applied monotonically with a velocity of 10 m/s. The system of measuring devices consisted of linear variable differential transducers (LVDT) and one strain gauge installed on the bar surface at the specimen symmetry axis to record the bar slip of the FRP bar in reference of the central beam's edge, while LVDT 4 was fixed to the free bar end and measured the relative slip between the free bar end and the outer beam's edge. Two horizontal LVDTs No 2 and 3 were applied along the embedded bar length to measure concrete strain at both ends of the bond length of the bar (see detail in Fig. 4 ). All readings were continuously recorded every one second. 
The analysis of test results
Experimental results
Beams 12-L120-15.1 and 12-L120-15.2 as well as the strengthened ones 18-L180-15.1 and 16-L160-35.1, which failed due to concrete cracking were removed from the analysis of the test results. The other members strengthened with horizontal and bottom confinement with two CFRP sheet layers failed due to GFRP bars pulling from the embedded concrete, which confirmed the bond loss of the bar to the concrete. Bond failure developed partially along the surface of the bars and partially in the surrounding concrete by peeling off the external fibres of the bar. Failure mode was most often caused by splitting of the ribs along the GFRP bars. This failure developed with the gradual damage of the bar ribs pulling from the bar surface along the bond length. A concrete cover of each specimen test block was cut and removed after testing in order to make clear verification of the failure mode along the bond length. Fig. 5 shows examples of bare bars with partially splitted ribs after removal of the concrete cover. Based on the ultimate load that led to the bar bond failure (F u ) the tensile force in the bar (F b ) was calculated from the equilibrium between the applied load, corresponding reactions, and the arm of internal forces. All test results with values of the loaded and free bar end slip for the ultimate loads (s lp , s fp ) are shown in Table 4 . Test results indicated that the increase in the bar diameter caused the decrease in the free bar end slip corresponding to the ultimate shear bond stress ( u ) (Fig. 6) . The increase in the bar diameter caused the decrease in the ultimate shear bond stress in both cases of the concrete cover (35 mm and 15 mm). The increase in the bar diameter from 16 mm to 18 mm confirmed the decrease in the ultimate shear bond stress ( u ) by 22% and 18% for a thickness of concrete cover of 35 mm and 15 mm respectively. The increase in the bar diameter from 12 mm to 16 mm caused the decrease in the ultimate shear bond stress by about 21% for a thickness of concrete cover of 35 mm. The reason of the decrease was a longer bond length and a greater contact surface of the bar and the surrounding concrete. Moreover a higher bar diameter caused the bond failure faster and more brittle. The increase in the bar diameter from 12 mm to 16 mm led to the decrease in the free bar end slip (s fp ) over 36% for a concrete cover thickness of 35 mm. The increase in bar diameter from 16 mm to 18 mm caused the decrease in the free bar end slip over 71% for a concrete cover thickness of 15 mm, contrary to beam with the thickness of concrete cover of 35 mm. The increase in the concrete cover thickness from 15 mm to 35 mm led to the increase in the ultimate shear bond stress and the increase in the free end slip corresponding to the ultimate shear bond stress. Generally, the decrease in the concrete cover led to the decrease in the tensile stress in the surrounding concrete transferred into the bar and finally led to the significantly brittle failure (compare Fig. 6a and 6b) . The increase in the concrete cover thickness by 20 mm caused the increase in the ultimate shear bond stress ( u ) by 19% and 21% for a diameter of bars of 16 mm and 18 mm respectively (compare Fig. 7) .
There was not observed bar debonding or tensile failure of the bar, which confirmed that the bond length equal of 10 times of the bar diameters was suitable bond length.
The test results are comparable to those from studies [7] obtained for the same bond length L b and the similar compressive concrete strength. Differences in the ultimate shear bond stresses between authors' own research and studies [7] equal of 6%, 2% and 12% for the bar diameters of 12mm, 16mm and 18mm, respectively.
The beam bond tests will be continued with higher concrete strength (C50/60) in order to investigate an effect of the concrete strength on the GFRP to concrete bond behavior. The all tests results will be used for calibration of the bond-slip model for the GFRP bars used in the research. 
Conclusions
Beam bond tests carried out on twelve concrete specimens enabled to draw the following conclusions:
• the GFRP bars indicated good bond behavior to concrete, mainly due to the ribs on the bar surface;
• the increase in the bar diameter caused the decrease in the shear bond stress in both cases of the concrete cover thickness; • the increase in the bar diameter from 16 mm to 18 mm indicated the decrease in the ultimate shear bond stress ( u ) by 22% and 18% for the thickness of concrete cover of 35 mm and 15 mm, respectively; • the increase in the bar diameter led to the decrease in the slip free ends (s fp ) corresponding to the ultimate shear stress; • the increase in the compressive concrete strength caused much better bar-to concrete bond behavior;
• the decrease in the concrete cover thickness led to the decrease in the shear bond stress in both cases of the bar diameter.
